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Abstract 
1H and quantitative 13C NMR spectroscopy was used to study the reaction of CO2 with mixed aqueous amines. This technique 
permits the measurement of carbamates of each amine and bicarbonate concentrations as a function of time (and loading). The 
ratio of the amount of each carbamate formed (for primary and secondary amines) is shown to be thermodynamically rather than 
kinetically controlled, due a rapid exchange reaction between amine and carbamate. This exchange reaction is the likely basis of 
the "shuttle" mechanism of rate enhancement in mixed amines.  
© 2010 Elsevier Ltd. All rights reserved 
Keywords: carbon dioxide; amine; absorption; NMR; 13C; kinetics; competition
1. Introduction 
There is currently strong concern that CO2 emission from human activities, especially from industrial 
consumption of fossil fuels, is driving climate change1. Scientists and engineers have investigated the development 
of more efficient technologies and methods to reduce CO2 emission from human activities. Post combustion CO2
capture2 (PCC) is regarded as one of the more promising processes to reduce CO2 emission from industry due to the 
ability to retrofit PCC to existing industrial facilities and processes3. Using alkanolamines in a PCC procedure to 
capture CO2 is one of the most efficient techniques. Although monoethanolamine (MEA) has been used in oil and 
natural gas industries to capture CO2 gas for many years, the high energy consumption of CO2 desorption makes it 
less satisfactory for CO2 capture in the energy industry. The flue gases emitted from power stations have low CO2
partial pressures and, in many cases, contain other acidic, corrosive and oxidative gases or components, such as 
NOx, SOx and unused O2 gases4. Therefore, the development of new amine solutions which have the desired 
properties is a key issue for the common and widespread application of amine solutions to CO2 capture. 
While monoethanolamine (MEA) has long been used to capture CO2, recent work has focused on alternative 
amines with better performance. In particular, blends of amines are attractive5: not only do they offer the possibility 
of combining the best characteristics of different amines, there is also evidence that certain amines, in particular 
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piperazine (Pz), can act as “promoters” and lead to increase in the rate of absorption above that of the individual 
amines6, 7, 8. 
13C NMR spectroscopy has been used previously to study the absorption of CO2 by amines9, 10, 11, and in previous 
work12 we reported on the use of 13C NMR spectroscopy to study the speciation between carbamate and bicarbonate 
that occurs in the absorption and desorption of CO2 by MEA. It has also been used recently to study mixed amines 
in a continuous absorption/desorption system under steady-state conditions13, but only one of three amines in the 
mixtures could form a stable carbamate. 
In this work we report the use of 1H and 13C NMR spectroscopy to study the absorption of CO2 by mixed amines. 
In these experiments CO2 is absorbed by a mixed solution of two different amines (eg: MEA and Pz), and the 
relative amounts of their carbamates, bicarbonate (and other species) determined by NMR, as a function of time / 
CO2 dose. 
2. Experimental 
We employed methods similar to our previous work12, using Bruker 400 and 500 MHz NMR spectrometers. 
Solutions of amines of known concentration were made up by weighing two amines into one 25 ml volumetric flask, 
and making up to volume with deionised water containing 10% D2O to act as a frequency lock. In runs 1-5 the first 
amine was MEA, at a concentration of 2.00 mol dm-3. In run 6 the first amine was N-methyl monoethanolamine 
(MMEA), and in run 7 the first amine was methyldiethylanolamine (MDEA), both at a concentration of 2.00 mol 
dm-3. MMEA, Pz, and MDEA were employed as second amines. These solutions (15 ml) were then transferred to a 
50 ml jacketed pear-shaped flask thermostatted to 40° C, and stirred at 900 rpm. CO2 was bubbled into the solution 
at a known rate (usually 5 ml per minute through a PTFE tube of ID 0.71 mm), and samples (~ 0.5 ml) taken at 
suitable times and placed in a sealed NMR tube with a capillary of 1,4-dioxane as an external standard. Quantitative 
13C NMR was performed on these samples within 12-18 hours. 1H NMR was also performed on some samples 
within 15 minutes of sampling to check the results of the 13C analysis and ensure that further post-sampling reaction 
was minimal. 
The identity of some of the 13C NMR signals was determined via a long-range 1H-13C correlation experiment 
(HMBC) on a sample from Run 7 (MDEA + Pz) at 60 minutes, on a Bruker 500 MHz NMR spectrometer. 
Correlations observed between the NCH2 hydrogens and the carbonyl carbon identified the covalently bonded 
carbamate species. 
The following table summarizes the concentrations of all amines used in these experiments. 
Table 1: Amines and concentrations 
 First Amine Second Amine 
Run Name / Conc. 
(mol dm-3) 
Name / Conc. 
(mol dm-3) 
Structure Conc. amino groups
(mol dm-3) 
1 MEA / 2.00 MMEA / 2.00  2.00 
2 MEA / 2.00 Pz / 1.20  2.40 
3 MEA / 2.00 Pz / 0.60 see (2) 1.20 
4 MEA / 2.00 Pz / 0.30 see (2) 0.60 
5 MEA / 2.00 MDEA / 2.00   2.00 
6 MMEA / 2.00 Pz / 1.20 see (2) 2.40 
N
H
OH
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7 MDEA / 2.00 Pz / 1.20 see (2) 2.40 
In runs 1-5 MEA was employed because its kinetics are well-understood and its rate coefficients well-known14. 
In runs 6 and 7 MMEA and MDEA were employed to examine the behaviour of secondary and tertiary amines. Pz 
was used in five of the runs because it is commonly used as a “promoter”8. 
Two additional experiments were performed: a solution of MEA (4.0 mol dm-3, 15 ml) was bubbled with CO2 for 
2 hours to give a carbamate loading of approximately 0.44 mol/mol (by 1H NMR). In run 8 a small quantity (0.5 ml) 
of this loaded MEA solution was mixed with a second amine MMEA (4.0 mol dm-3; 0.5 ml), and 1H NMR spectra 
taken at various times. In run 9 MDEA was used instead of MMEA. 
3. Results 
1H and 13C NMR stack plots for run 1 are shown in Figures 1 and 2 below.  
Fig 1: 1H stack plot for Run 1, MEA + MMEA: Fig 2: 13C stack plot for Run 1, MEA + MMEA: 
As can be seen, the chemical shifts change with time, particularly in 1H NMR (the signals at 3.75 ppm and 67.18 
ppm in Figures 1 and 2 respectively are the external 1,4-dioxan standard). As well, there is considerable broadening 
and overlap of the signals after about 60 minutes in 1H NMR, making it difficult to both assign peaks and determine 
peak areas. While there is occasionally uncertainty in the assignment of the aliphatic carbons in 13C, particularly 
with Pz, this makes no difference to the calculated carbamate and bicarbonate concentrations. These changes are 
likely to be due to the decrease of pH with increasing CO2 loading, as seen in Figures 3 and 4 below. Similar results 
were observed for all runs: the 13C results showed far less change and overlap with pH than the 1H results. 
Accordingly, the 1H NMR results have only been used to check the 13C NMR results for some of run 1. 
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Fig 3: change of 1H chemical shift with pH: Fig 4 : change of 13C chemical shift with pH: 
The following graphs show the concentrations of carbamates of both amines, and bicarbonate, as a function of 
time, in runs 1-7. 
Fig 5: MEA + MMEA: Fig 6: MEA + Pz (1.2 M): 
Fig 7: MEA + Pz (0.6 M): Fig 8: MEA + Pz (0.3 M): 
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Fig 9: MEA + MDEA: Fig 10: MMEA + Pz (1.2 M): 
Fig 11: MDEA + Pz (1.2 M): Fig 12: HMBC experiment on Pz: 
Legend:  1st Amine (usually MEA) Carbamate;   1st Amine Carbamate by 1H;   2nd Amine 
Carbamate, species 1;   2nd Amine Carbamate, species 2;   2nd Amine Carbamate, Total;   2nd
Amine Carbamate by 1H;   Bicarbonate;   MEA Carbamate (4M MEA, previous work12); 
Bicarbonate (4M MEA);    Unknown.    
All runs follow a similar overall pattern: the total amount of CO2 absorbed increases linearly for the first 120 
minutes (ie: the rate is constant), then increases more slowly and finally reaches a plateau. The rate of formation of 
amine carbamate is constant up to about 60 minutes, around which time bicarbonate starts to form. When two 
carbamates can form, one amine then continues at the same constant rate, while the other slows down, and 
“accommodates” bicarbonate formation, until about 120 minutes.  
In the run 1 (Figure 5), the rate of formation of MEA carbamate is about 3 times faster than MMEA. In runs 2-4 
(Figures 6-8) MEA is again about 3 times faster than Pz (taking concentration into account). In run 6 (Figure 10), 
MMEA and Pz carbamates form at about the same rate, which is broadly consistent with those results for runs 1-4.  
These results for primary and secondary amines suggest that up to about 60 minutes the two amines engage in a 
kinetic competition15, 16 for a limited amount of CO2, and that the rates of reaction reflect the relative rate 
coefficients for carbamate formation of each amine.  
There is the possibility that this is not the case: if carbamates are unstable they might break down rapidly (to form 
amine and bicarbonate) and the relative amounts of each carbamate will come under thermodynamic rather than 
kinetic control: that is, be at, or close to equilibrium. We initially considered this unlikely as we had earlier observed 
MEA carbamate to be stable up to 90º C 12. On the other hand, evidence from the literature17 suggests that Pz reacts 
far more rapidly than MEA with CO2, so one would expect far more Pz carbamate than MEA carbamate, which is 
not the case in Figures 6-8. We therefore carried out runs 8 and 9 to check this possibility. 
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In run 5 (Figure 9), MEA (2M) + MDEA (2M), in which results from our previous work on MEA (4M) alone are 
plotted for comparison, MEA carbamate again reaches a maximum concentration at about the same time and mol 
fraction loading. What is different is that bicarbonate forms earlier – but its final concentration is no higher than in 
pure MEA, and the total CO2 loading at long times is lower. This suggests that MDEA is not very effective in 
combination with MEA.  
In run 7 (Figure 11), MDEA (2M) and Pz (1.2 M), we see that significant amounts of a second Pz carbamate 
forms at moderate times and loadings, but speciates in favour of bicarbonate at long times / high loadings (2.5 M 
CO2 dm-3). This is in contrast to Pz alone (at 2 M), where the formation of carbamate is favoured over bicarbonate 
by about 3:1, and the overall loading is lower (2.0 M CO2 dm-3)18. Given the propensity for bicarbonate to rapidly 
transform to CO2 gas at moderate desorption temperatures, this means that MDEA appears to be effective in 
combination with Pz.  
In run 8, in which an MEA carbamate solution and a MMEA solution were mixed, the first 1H NMR spectra was 
taken 2 minutes after mixing. It showed that MMEA carbamate had rapidly formed, and composed 15% of the total 
carbamate signal present. At 74 minutes the ratio was 16%, so the mixture was close to equilibrium after 2 minutes. 
These compare with a value of 24% (by 13C NMR) at 60 minutes in run 1. This means that MEA carbamate can 
rapidly react with MMEA to effectively “exchange” carbamate groups. 
In contrast, run 9, in which MEA carbamate and MDEA were mixed, 1H NMR spectra showed that there was no 
significant decrease in MEA carbamate concentration up to 9 hours after mixing. Further, 1H spectra on the mixture 
at that time gave a MEA carbamate mol fraction (loading) of 0.45, compared to 0.44 in the original CO2 loaded 
MEA solution. 13C analyses of the same samples yielded loadings of 0.54 and 0.58 respectively (note that the 
quantitative accuracy of 1H was about ± 20%, whilst that for 13C was about ± 3%, due to the former being optimized 
for sample throughput). In other words, the MEA carbamate did not break down. 
Finally, in Figure 12, the HMBC 3-bond coupling experiment on Pz (with MDEA) shows that the second 13C 
signal at 163 ppm originated from a carbon atom close to the protons of a N-CH2 group: that is, this is a second Pz 
carbamate signal originating from a Pz bis-carbamate, as observed by Bishnoi and Rochelle17. Note that this second 
carbamate only appears at higher Pz concentrations and moderate loadings. 
4. Discussion 
These results show that while two amines, primary and/or secondary, may compete for CO2, carbamate formation 
can be followed rapidly by a further exchange reaction leading to an equilibrium mixture of the two amine 
carbamates. This is most likely due to carbamic acid breaking down to reform the original amine plus CO2: 
MEA-COOH       MEA + CO2 (aq)      (1) 
MMEA  +  CO2 (aq)        MMEA-COOH       (2) 
and of course very similar reactions involving H2CO3, or carbamate and bicarbonate. The timescale of reaction (1) is 
of order 30 s 14, and that of reaction (2) is < 1s, so effectively, this amounts to a rapid exchange reaction: 
 MEA-COOH  +  MMEA       MMEA-COOH  +  MEA    (3) 
When only one amine is present, this is a zero-sum reaction. This resolves the apparent paradox of MEA 
carbamate being stable at 90º C 12, and yet reacting with MMEA on a timescale of a minute or so (run 8) at room 
temperature. 
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When two primary and/or secondary amines are present, this leads to a rapid equilibration in the carbamate 
concentrations since the reaction is symmetrical and reversible. This reaction is likely to be the chemical basis of the 
“shuttle” mechanism first proposed by Astarita et al.19, as it applies to mixed amines8, 20, 21, 22,  23.  This means that the 
relative rates of reaction of each amine in these experiments are not just a measure of the rate coefficients for 
carbamate formation, but a more a reflection of the relative thermodynamic stabilities (equilibrium constants) of 
each amine carbamate. 
However, when only one amine can form a carbamate, for example when the other amine is tertiary, this 
exchange reaction does not take place, and so the “shuttle” mechanism as it is cannot account for any rate 
enhancements in those cases. 
While the bis-carbamate of Pz has been observed previously17, it has not been seen at the relatively high 
concentrations observed in run 7. Modeling of the absorption of CO2 by Pz alone or in mixtures must therefore take 
into account the likely differing reactivities of Pz and its mono-carbamate towards CO2 and its sub-species. 
5. Conclusions 
13C and 1H NMR are powerful tools for investigating the reactions of mixed amines with CO2. In this work we 
have used it to determine speciation in mixtures in two different amines. Primary and secondary amines can compete 
with each other for a limited amount of CO2, but then rapidly equilibrate, most likely via a rapid exchange reaction 
between carbamate and free amine. Tertiary amines such as MDEA cannot equilibrate rapidly via this mechanism. 
In future work, we will attempt to obtain relative rate coefficients by fitting these results to a complete chemical 
model along the lines of McCann et al14. We will also use the model to check that this “exchange” reaction is 
consistent with the known rate coefficients for MEA, and likely rate coefficients for MMEA. 
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